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CONTINUOUS-WAVE THREE-COMPONENT SONIC ANEMOMETER

ABSTRACT

A Contlinuous-Wave Three-Component Sonic Anemometer 1s
Jdescribed. The anemometer was developed for the Boundary
Layer Branch of the Air Force Cambridge Research Laboratories
by Bolt Beranek and Newman Inc. (BBN).

A physical description is presented, with several 1illus-
trations showing the construction of the anemometer and the
manner 1in which it 1is mounted.

Design specifications are presented, and the operating
procedure 1is described.

The theory of cperation i1s discussed from the point of
view of establishing performance limits on the anemometer.

The overall system 18 discussed and a detailed description

of circuits 1s presented.

Instructions for cop2rating the anemometer are presented,
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THREE -COMPONENT SONIC ANEMOMETER




1.0 Introduction

Moving-element anemometers (e.g., cup anemometers, bivanes,
and microvanes) are unable to achieve the fast response necessary
for studies of small-scale turbulence, because they are intrin-
sically limited by inertia and fragliity and they tend to disturb
the air about them. Fast-response wind measurement can be achieved
with a sonic anemometer. The basic operating principle of a sonl-
anemometer is that the time required for sound to travel between
fixed points through moving air 1is influenced by the motion of
the air. A sound wave, propagating at the speed of sound in the
air, 1s transported in the direction of the air's motior at the
velocity of the air. Since the sound wave has no inertia, it is
immediately responsive to fluctuations in the wind speed. Yet,
the sound wave introduces a negligible perturbation of the air's
state of motion.

e In

Sonic anemometry was pioneered by Schotland1 and Suomi.
thelr experimental sonic anemometers, a pulse was propagated fror
a transmitter to a recelver, and the transit time of the pulse
(usually a tore burst) was measured. These carly workers en-
countered substantial difficulties in measuring t-ansit time
because the circults used failed to determine accurately the
leading edge of a pulse. Tho difficulty was believed to be due
to dispersion of the sound wave during propaga®ici through the
air. This apparent falling of the pulse technigue had a con-
siderable influence on subsequent developments.

3

It was not until Survich's” Wwcrk in the Soviet Union that a
practical sonic anenometer was developed. Jurvich developed the
use of contin ~us waves as a means cof eritting and receivinsg

sound without the difficulties of the pulse method. lowever,




Gurvich found that the continuous-wave sonlc anemometer present-
ed a new problem. Because a continuous-wave signal is tempor-
ally homogeneous, the emitted and received signals of a sonic
anemometer are not easily distinguishable when they have the

same frequency. Gurvich solved this problem by using sets of
signals of different frequencies, which he generated and compared
by using a heterodyne system.

Meanwhile, in the United States, Kaimal and Busingeru also
vorked on a continuous-wave sonic anemometer. Kalmal's work con-
viriced him that the continuous-wave sonic anemometer was the prin-
ciple candidate for successful fast-response anemometrv. The
anemometer described in this report is, in effect, a continuation
of Kaimal's program.

Not all investigators turned to the use of continuous signals;
some believed that the difficulties of the pulsed sonic anemometer
were not intrinsic. Consequently, since 1960 two rival approaches
have competed to develop a trul- furictional fast-response sonic
anemometer: pulsed sonlc amemometry and continuous-wave sonic

anemometry. l‘viitsuta,5

working at Kyoto University in Japan, de-
veloped an improved pulse-delay sonic anemometer (available com-
mercially from Kaijo Denkis). Beaubien7 also worked on a pulsed
sonic anemometer. Beaubien had tried a continuous-wave sonic ane-
mometer, but after encountering considerable difficulties in the

design of effective transducers, he turned to the pulse technique.

The result of these investigations 1is that, at present, there
exist several sonlc anemometers in addition to the one described
in this report. One, the iMitsuta anemometer, is commercially
available. It and the Beaubien anemometer (soon also to be com-
mercially avallable) are pulsed sonic anemometers. The instrument




that we have developed is a continuous-wave three-component
sonic anemometer. Two three-component units have been used
during two years of an ongoing field program.8 These are the
most extensive measurements made in the United States¥* using

a continuous-wave anemometer.

¥In the Scviet Union, all measurements are taken with continuous-
wave sonic anemometers.




2.0 Physical Description

The complete sonic anemometer consists of a probe that
transmits and receives acoustic signals and electronic circuitry
that provides driving signals to the probe and that processes

the received signals.

Figure 1 shows a pair of three-component sonic anemometers
mounted on a meteorological tower at Liberal, Kansas, the site
of Project Windy Acres.8 Each anemometer is held away from the
tower by a 6 ft boom that can be oriented to enable the open

part of the anoemometer probe to face into the prevalling wind. §

Electronic circultry for the anemometer is contained in !
aluminum cases, one for each wind component. A three-component-
anemometer system is shown in Fig. 2. A single cable, long
enough to extend the length of a boom, is connected from the
probe to the three cases. 1In Fig. 2, the case in the foreground
1s closed to show a standpipe 1lnlet that 1s used to allow the
closing of the case against the weather while the anemometer is
operating. Note, in Fig. 1, that an anecholc box 1s mounted on

the tower at each of the two levels. The anechoic box is used to
obtain a zero set. The boom 1s swung inboard so that the ane-

. mometer sits in the box. I[iore-detalied photographs of the

anechoic box are shown in Fig. 3. Figure 3(a) shows the box

closed; the mounting brackets clamp onto a vertical member of
the tower. Vertical displacement and rotatlonal orientation
are adjusted so that the anemometer fits into the box when the

E boom is swung inboard. Figure 3(b) shows the box opened. The
interior of the box 1s covered with sound-absorbing material to
; reduce reflections.




FIG.1 TWO THREE-COMPONENT CONTINUOUS-WAVE SONIC
ANEMOMETERS MOUNTED ON METEOROLOGICAL TOWER
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A view of the windward side of the anemometer probe (the
sensing head) is shown in Fig. U4(a). Each component of the
wind is measured by two pairs of transducers - one emitter/

recelver pair for propagating sound in a given direction and

a second pair for propagating sound in the opposing direction.
The vertical transducer separation is 20 cm and the horizontal
separation is 10 cm. Note that the horizontal axes form an
angle of 120°, thus presenting a more open aspect of the probe
windward than would axes at 90°. (Signals proportional to com-
ponents of the wind along the boom axis and transverse to the
boom axis can be obtained by linear combinatlions of the pro-
cessed signals from the horizontal paths.)

The rear of the anemometer probe is shown in Fig. U(b). A
flanged hub 1s attached to the machined rear surface of the con-
nector box of the probe. The hub is in turn, attached to the
boom. Note the level machined surface on the top side of the
Junction box for a level indicator (not shown in the photograph).

The sonic anemometer 1is supplied with sets of gauges and
spare components. To align the emitter/receiver sets for each
axis, one inserts the alignment rods, as shown in Fig. U(c) and
adjusts the positions of the transducer mounting blocks. To
adjust the transducer separation in order to obtain the proper
pathlength for each wind comporent, one uses the length-adjust-
ment gauges that are shown in position in Fig. 4(d).

Figure 5 shows the electronics unit for a typical channel
for measuring one component of the wind. The inlet hole in the
cover is for a standpipe through which the cables enter. The
cables provide connections for two receivers and two emitters.
There are also connections for the windspeed output, the power
line, and remote-control operations.
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FIG.5 ELECTRONICS UMIT FOR SINGLE COMPONENT
OF SONIC ANEMOMETER




A complete set of spare transducers and a ccmplete set of
essential, spare electronic components are provided. The spare
electronic components consist principally of encapsulated cir-
cuits. Figure 6 shows the spare-components kit.
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3.0 Construction

3.1 Probe

The probe (Fig. 4) 1s constructed of machined and welded
anodized aluminum and is finished in baked, white enamel. The
transducers are mounted in adjustahble blocks. All mating sur-
faces are machined so that the two horizontal arms of the ane-
mometer probe are in the same plane as the top surface of the
Junction box, which, in turn, 1s perpendicular to the machined
rear surface. Also, the vertical members of the anemometer
probe are milled to make a precise 90° angle with respect to
the horizontal zomponents.

Cables, connected to the transducers by liicrodot connectors
are run to the junction box along the leeward side of the probe
structure; there, they are soldered to coaxlal connectors that
are mounted and sealed with silicone rubber in a phenolic block.

The transducers are hermetically sealed. The sensitive
element 1s a bimorph consisting of a circular plate to which 1is
epoxlied a piezoceramlic disk. Between the sensitive element and
the mounting end of the transducer is a mechanlcal filter that
prevents the excitation of the emitter from being mechanically
coupled to the i1eceiver. The mounting end of the transducer is
sheathed in phenolic to avoid electrical grounding of the case
at the mounting point (all grounds are made at the electronic
control units). The phenollic-sheathed mounting end 1s clamped
in the mounting block such that the transducer extenslon along
its axis i3 adjustable, therety permitting precise adjustment
of the pathlength. The transducers in the vertical axi{s are
made of brass and those in the horizontal axes are made of
aluminum.

13
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The anecholc box (Fig. 3) 1s lined with a polyurethane foam
that has high absorptivity 1in the firequency range of interest.
The box 1s made of fiberglass, hinged at one side, and rubber-
gasketed at the iniet where the boom that holds the probe fits.
Positive-~locking clamps secure the box tightly about the ane-
mometer probe,

3.2 Electronics

The electronic units are mounted in extruded aluminum cases
19-1/2 x 20-1/2 x 10-3/8 in. The cases have hinged covers, lock-
Ing 1id stops, and are gasketed and provided with clamps so that
they are hermetically sealed when clamped shut. The modular elec-
cronic assembly (see Filg. 5) consists of a power supply in the
main cnassis and six interconnected subassemblies. Fig. 7(a)
shows the contents of the extruded aluminum case, and Fig. 7(b)
indicates hcew the six subassemblies fit into the main cnassis.
Note that the subassemblies are permanently wired with flexible
cables; hence, they can be pulled out for examinatiou, but they
cannot be completely detached from the main unit.

The construction of a subunit is shown in Fig. 8. Each
subunit has a single circuit board on which discrete components
and encapsulated plug-1in clircults are mounted. Examples of some
of the units are shown in Fig. 9.

14




FIG.7a  INTERIOR VIEW OF ELECTRONICS
ASSEMBLY SHOWING POWER SUPPLIES
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FIG.7b BOTTOM VIEW OF ELECTRONICS ASSEMBLY
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4,0 Specifications

Design specifications®* fcr the anemometer are presented in

Table 1.

TABLE 1. Design Specifications.

Wind-speed range:

vertical axis
left horizontal axis
right horizontal axis

Output analog voltage
Qutput meter

Speed of response

Noise and drift at constant
temperature

Output impedance of analog
voltage

Recommended load

Recommended maximum
cable length

Remote~control capability
Remote-control requirements
Power requirements

-4 to +4 m/sec
-16 to +16 m/sec
-14 to +14 m/sec

-10 to +10 V each axis

One each channel prcvided
with slow-response switch
and scale-expand switch

Half-power nolnt at 25 Hz®
< 1% of full scale

<1
10,000 Q

750 m
zero test, + full-scale test
3-wire cable (closures required)

117 V rms, 60 Hz ac, 100 W
for each channel

8The speed of response ls limited to approximately 250 Hz by
the bandwidths of the circuits and che transducers. The 25-
Hz cutoff has been intentionally imposed; the cutoff of any
channel can be changed by the replacement of a single capa-
citor.

¥Actual performance specifications under realistic operating
conditions will be reported following reduction of the data
taken in Project Windy Acres.
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5.0 Theory of Operation

5.1 General Theory

According to geometrical acoustics, the propagation time 1

of an acoustic disturbance from a point r, to a point r, 1is
9

civen by

"y

T = J 2 ds(1-y*n)/c (1)

1

g

where ¢ is the speed of sound in still air, b= g/c is the Mach
number (y is the wind velocity), and p i1s a unit vector along

the acoustic path. The integration is over the proper refractive
path, which is obtained by solving the Euler/Lagrange equations
that solve the variational problem of Fermat's principlelo ,

6t = 0. Equation 1 is derived on the assumption that the space
and time variations of u are of considerably larger scale than
the wavelength and per1;d of the acoustic disturbance (the deri-

vation is also based on\Q:\::“?).

For a short-pathlength sonic anemometer, a further simpli-
fving assumption 1s possible: the refractive path is not signi-
ficantly distinguishable from the geometrical straight line Jjoin-
ing the emitter and the receiver. Consequently, the propagation
time takes the form

|r -r by
4._’___1.' - %I *dr-u(x,y,z,t) (2)
r

~1

T =

where ncw the path of integration 1s along the line joining r, and

T,

18




The standard derivation of the sonlc-anemometer equation
does not begir. with Eq. 2 but with the geometrical relationship
that describes an outgoing spherical ware 1n a uvniform wind fleld,
The resulting expression for the diffe:rence in transit times of
opposing propagation is

At = 7 (3)

where u‘n 1s the projection of the uniform constant wind on the
anemometer axis of length £. In the more precise theory, Eq. 2
leads to

e}

1 |(F ,
AT = o7 I~2 dr.y + [ 2 dr~u] s (4)
. < v~ o~
1

e
o

where the nonuniformity of the wind fleld requires the explicit
introduction of :; and r; to represent the discrepancy in path
of the two emitter/receiver pairs. Of course, the pathlengths
must be the same in a properly designed anemometer; 1i.e.,
|r2—rl| = |r;—r;|. Hence, in writing Eq. U4 this property has
been used.*¥

Equations 3 and 4 can be reconciled only if we take the wind
field y to be uniform. In reality, the wind field is nonuniform,
and this forces us to determine if there are any consequences of
using Eq. 4, instead of Eq. 3, that are of importance in the de-
sign and operation of a sonic anemcmeter,

#Note the practical necessity of careful adjustment of the trans-
ducer-separation distance; if the pathlengths are unequal, a
first-order temperature dependence is introduced.

19




One result that we obtain by considering the nonuniform wind
field 1s the establishment of an eddy-scale cutoff for the sonic
anemometer. To avold unnecessary complication, we can set g; = g
and g: = gl; i.e., we can make the opposing paths coincident. Then,
using the time and space Fourler transform of ch> wind field, we
can write Eq. 4 in the form

4+ +o 2
bt = I du m @k = wlk,w) - [ a eME"IINE (5)
-0 - ¢ 0

where y(g,w) is the amplitude spectrum of u-n in wavenumber fre-
quency space, By taking the decomposition of the wind-velocity
spectrum in a coordinate system for which the anemometer path is
one axls, say the x axis, the transit-time difference takes the
form

2 +o sin kx£/2
] dk ——E;i7§-_ wx(kx,y,z,t) . (6)

Equation 6 shows that the response of the anemometer to the wind

turbulence is weighted such that higher wavenumbers in the eddy

spectrum of the wind component along the anemometer axis are

attenuated. The half-power point 1is reached when the eddy scale

A and thre anemometer pathlength 2 have the relationship ?

2 .
el (7

Equation 7 is the basis for determining the pathlength require-
ment £ for a one-component sonic anemometer, that is to measure

20




velocity fluctuations that are due to eddies having a dimension
along the path larger than a scale of A.

Another relationship that can be derived from Eq. 4 concerns
crosstalk, i.e., the sensitivity of a one-component anemometer
to wind fluctuations that are normal to the anemometer axis., The
derivation 1s not presented here; however, it follows an analysis
similar to the one presented above. The crosstalk ratio R ex-
presses the ratic of cross-wind response to on-axis response.

R = tan kyA/.? s (8)

where ky is a wavenumber of the transverse wind component and 4
is the lateral separation between the two paths of the one-com-
ponent anemometer. The sharp rise of the tangent with increas-
ing argument indicates that the fine structure in the response
of an anemometer should be critically evaluated to determine if
the response 1s not caused by the transport of eddies of small
scale (Ay <324 for 107 crosstalk) across the anemometer path.

If one assumes that the lateral separation A is fixed by
consideration of mecharica. and aerodynamic design, then the
crosstalk limitation and the expected maximum wind speeds can
be combined by using Taylor's hypothesis (frozen turbulence)
to establish a response-time requirement for the anemometer.
The minimum response time Ths the maximum wind speed |V|
and the 10% crosstalk eddy scale 32 A obey

max?

Ut, = vl ../73248 . (9)

max

Axis lengcths £ of 20 cm for the vertical axis and 10 ec¢m for
each of the horizontal axes were chosen in accordance with the

21




eddy-scale cutoff condition defined in Eq. 7 and the intended
use of the instrument. A lateral path separation 4 of 4 cm was
chosen because of the physical size of the transducers and the
mounting block. The response-time cutoff was determined at
1/t, = 25 Hz on the basis of Eq. §, with an anticipated V|
of 16 m/sec (horizontal axis) and a value of 4 cm for A.

max

Consider next the computation of the frequencies of the
sonic signals that are required in a continuous-wave sonic
anemometer. Time difference At is converted to phase ¢ by
multiplying Eq. 3 by 2nf, where f 1s the sonic frequency. The
maximum full-scale phase is + n rad. The frequency-determining
equation is

f = ci/(uzvmax) , (10)

where vmax is the maximum wind speed for the axis under consider-
ation.

5.2 Performance and Design Parameters

The key parameters of the anemometer are determined by the
equations discussed above.

The sonic frequencies are computed from Eq. 10, using c¢? for
dry air at 25°C'(Ref. 11). 1In the vertical axis, the anticipated
iv'max is 4 m/sec; hence f =z 35 kHz. For the horizontal axes
({VImax = 16 m/sec), different signal frequencies must be used for
the lefthand and righthand arrays to avoid interference. Hence,
we chose f = 20 kHz for the left horizontal channel and f = 16.5
for the right horizontal channel. The correspondirng 'v‘max are
approximately 15 m/sec and 18 m/sec.

*c? = 119,920 (m/sec)?.

22




If there is to be no interference, signals propagating along
opposing paths must be of different frequencies. However, the
two signals of eact. component must be phase-coherent. A unique
system based on anharmonic phase-ccherent signals 1s used. Thus
there are three additional frequencies. Ve have taken these
additional frequencies to be two-thirds of the three values dis-
cussed above for several technical reasons invelving simplifying
the instrument design. In summary, the required frequencies are
the following:

Channel Frequency
vertical 35 and 23-1/3 kHz
left horizontal 20 and 13-1/3 kH=z
right horizontal 16.5 and 11 khHz

5.3 Generation and Comparison of Coherent snharmonic fi,-nals

Consider now the function of the anerometer transducers and
circuitry. For each wind cormponent, sifna.s are to be propagated
in opposing directions, received, and tuelr phase compared to pro-
duce an output proportioral t. their phase Jifference :, which,
according to Eg. 3, is proportional tec the wind speedi. The fre-
quencies of the oppositely propagated si,nals are ?xand g = 2r1/3.
Hence, it 1s necessary to generate and cor;ire ccherent, anhar-

monically related siynals.

Coherence is achlieved Uy eneratin, i nals of frejuencles
f and { from the same osclliiator. anharsonicity is actleved Uy
1 2
successive divisicons ans multipicati~ns. ermrartoon o0 Ltie an-

14

harronic signals {s achleved by additional rulvivriications ard
"

divisions that convert si,nals a*




the frequency t‘l . Ambiguities of phase created in the frequency
conversion are restcred by a phase-lock circuit. The signals of
frequencies f; and f, (originally f, but transformed to f, ) are
compared in a phase-comparison circuit.

24




6.0 Circuit Description

6.1 General

A block diagram of a single channel of the anemometer is
shown in Fig. 10; the blocks represent the six subunits. The
generator produces the signals at pairs of frequencies listed
in the table in Fig. 10. A pulse 1s also —enerated at repe-
tition frequency f1/3, vhich 1is used for phase locking. The
signals are supplied to the emitters (the phise-lock sirnal
goes to the converter).

The signals, received Ly the opposing receivers, are
filtered by the narrow-band response (approximately 250 Hz) of
the transducers. The signal from the receivers i{s supplied to
the preamplifier which consists of a sequence of narrow-band
amplifiers and amplitude limiters. The preamplifiers also pro-
vide means to shift the phase of the cutput of tne amplifller
with respect tc the input. 7The purpose of the preamplifiers is
to produce sirnals with standardized amplitudes and adjusted

phaces.

The sigcnal at frequency fz is supplied to the input of the
converter. (he purpose of tie ccnverter is to ~ultiply the fre-
quency of the input Ly 3/2. A bistable halves tie freguency.
“he blstable is reset ty the phase-liocx rulse (i 1t s:ips out
of step) tc Keep the frequency-divided siynal in prorer rhase
relationship witi the source si; nal. =~ i1t
third harronic of the output of tihe bistable acileves multi-
plicatlion by three. heénce, the bistatle and fliter accoryilsh
frequency nmultiplication by /2. lUlhe converter rrclusel 4

standardized signal jevel at [froguency
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One input of the compregsor 1s from the converter. The
other input to the compensator derives from the preamplifier
that amplifies the signal of frequency fl. The compensator
consists of amplitude-stabilizing circuits, an adjustable
phase shift, and a tuned amplifier. The purpose of the com-
pensator is to compensate all instrumental phase shifts, par-
ticularly those occurring in the tuned circuits, so that the
combinaticn of the phasometer and the compensator 1ls a properly
calibrated phase-measuring device. The compensator also con-
tains relays and a front panel switch which can be used to
connect (1) exactly in phase signals to the two channels or
(2) exactly out of phase signal to the two channels. Thus, the
relays operate zero and full-scale positive and negative checks

on the system,

The compensator supplies the signais tc the phasometer.
The phasometer 1is a pulse-integrating, phase-measuring circuit.

It consists of input-liniting amplifiers, level triggers, and a
istable which 1s caused to change state alternately by the sig-
nals "rom the two channels. The output 1s obtained from an oper-
ational-amplifier integrator for which the time zonstant 1s chosen
to have a cutoff of approximately 25 Hz. The phasometer also has

a front-panel meter, an expanded-scale switch, and a meter-re-
sponse switch. The meter-response switch allows one to slow the
meter response substantially so that the mean wind can be observed
in the presence of severe fluctuations. The expanded-scale switch
gives an approximate 10:1 scale change so that the meter can be
used for zero setting and other callbration adjustments. The
output of the phasometer 1s at a coaxial connector on the front
panel; it can be connected (via a cable) to a recorder or com-
puter to which it supplies a voltage proportional to wind speed.
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6.2 Description of Subassembly Circuits

6.2.1 Generator

The circuit diagram of the generator is shown in Fig. 12.
The clock generator CG 11-1 (Fig. 11, top lefthand corner) and
the crystal connected across Terminals 3 and 6 function as an
oscillator that generates a signal of frequency 2% (or M% ).
A level trigger LT 11-1 connects with the clock generator to
shape the oscillator output. The pulses from the level trigger
are supplied to a series of one or two flipflops according to
the frequency of the osclllator (see Table at the bottom of
Fig. 11). One output of the flipflops, a signal of frequency
fx’ is filtered, amplified, and supplied through a pair of
emitter followers and a transformer to the fl- output terminal.
The output can drive 2000 Q@ at 15 V,

An additional pair of flipflops (Fig. 11, bottom left) and
the 0S 11-1 one shots form a divide-by-three circuit. The di-
vider 1s supplled directly with the signal of frequency 2f1.
The resulting signzl of frequency 2f /3 is also filtered, ampli-
fied, and supplied through a pair oflemitter followers and a
transformer to the 2f1/3 output, which is also capable of driving
2000 Q at 15 V. The other pair of one shots 1is used to estab-

lish the phase-lock pulse (availapble at a pinjack to the rear
of the chassis).

The signals from the generator drive the transmitters.
The resulting acoustic signals are picked up by the receivers,
which are connected tc the preamplifiers.
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6.2.2 Preamplifiers

A preamplifier schematic is shown in Fig. 12. The input
is supplied to the sequence: 1low-noise amplifier, filter, and
amplifier. The output 1s available at a pinjack. A screw-
driver-adjusted potentiometer provides a means for gain adjust-
ment. The amplifier/filter/amplifier configuration raises the
signal to an adequate level to drive a clippeir that preserves
only that part of the waveform which is close to the zero cross-
ing. A filter, following the clipper, receives the pulselike
waveform. The output of the filter 1is again a sine wave, but of
stabilized amplitude. The signal amplitude is restored by the
next amplifier.

The remaining circuit of the preamplifier is a two-gang
phase shifter. The first phase shifter can be used to step the
phase through 30° increments. A vernier adjustment can adjust
the phase by increments within the 30°. ¢ tnverters and bi-
polars drive and terminate the phase shift RC networks. The
final output of each preamplifier is a sine wave at standard-
ized level and low impedance. The phase shift of the output
with respect to the input 1s adjustable at the front panel over
[ the full range ol 360°.

6.2.3 Converter

, The converter, illustrated in Fig. 1), receives the f

t signal from a preamplifier. The signal is further clipped:

| filtered, and amplified to provide an amplitude-stabilized
signal. The amplitude-stabilized 3ignal 1is clipped and the
resulting pulse is amplified by a high-frequency pulse ampli-

fier to a level adequate to nperate the level trigger LT 11-1,

i -
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which drives a flipflop. The purpose of the flipflop 1is to
divide the frequency of the signal by two. The phase-lock
signal 1s applied to the flipflop at its reset input. A filter,
at the output of the flipflop, is tuned to the third harmonic

of the frequency of the flipflop output. Since the flipflop
output is one-half the frequency of the input signal, the out-
put of the filter is 3/2f, = fl. A final amplifier standard-
izes the level of the signal and provides a low impedance at

the output of the converter.

6.2.4 Compensator

The compensator, shown in Fig. 14, has a pair of identical
channels. A set of three relays is arranged at the input so
that one signal can be applied to one of the channels while the
other input is grounded, or the same signal can be supplied to
both channels. These configurations provide signals that corres-
pond to full-scale positive, full-scale negative, and zero, re-
spectively. When the relays are not actuated, one signal 1is
applied to each channel -~ the normal operating mode. Each
channel has a phase-shifting network and clipper/filter/amplifier
combination to produce an amplitude-stable output. A phase-
shift network in one channel is adjustable by a multiturn poten-
tiometer, so that, when the same signal is applied to both
channels, the phase of the compensator output will cause the
phasometer to indicate a phase shift of zero.

6.2.5 Phasometer
The phasometer, shown in Fig. 15, has a palr of identical
input circuits that receives the palr of signals from the com-

pensator. The signals are clipped, passed through a higch-
frequency amplifier, and further shaped by a pair of level

33
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triggers which operate the complementary inputs of a flipflop.
The voltage swing at the flipflop output, (stabilized internally
by saturation and cutoff) 1s supplied through a pair of emitter
followers to the inputs of a differential operational amplifier
that has a feedback network to provide a low-frequency cutoff

of approximately 25 Hz. The output of the cperational amplifier
is available on the front panel at a coaxial connector., The
output also supplies a meter circult connecteu to two switches.
The meter-response switch can introduce shunt capacitance to
slow the response of the meter. The erxpand-scale switch 1
creases the sensitivity of the meter so that an expanded scale

is avallable for zero setting of the unit.

6.2.6 aster Panel

The master-panel schematic, Fig. 16, shous several power
supplies and networks of decoupling chokes that supply power
to the several subassemblies. On the front ranel are color-
coded test points to measure the various supply voltages.
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7.0 Operating Procedure

Mount and align the anemometer probe and the anechoic box.
The probe should be leveled.

The electronic equirment for each component of the ¢ >mom-
eter is housed in an 1Individual case; hence, the operatin pro-
cedure is identical for all three components. The operat.ng

panel for c¢ne component is iilustrated in Fig. 17.

CONNECT EQUIPw:EUT...The cables are brought back alcng the
boom an< the standplipe inlets are secured at the top of
each component box (Fig. 2).

A letter (R c¢r E), a number (1, 2, or 3), and a
letter (A or B) are stamped on the gold-plated con-
nectors chat terminate the coaxial cables. The first
letter designates receiver (R) or emitter (E). The
number designates the component of the wind: 1 is
the vertical compone-~t, 2 1s the left horizontal
ccmponent, and 3 1s ...e right horizontal component.
Thie second letter is used to diinguish between the
two fregquenclies assigned to the charnel: the letter
A corresponas to the higher frequency and E corres-
ponds to the lower frequency. Connect the coaxial
cavles to the inputs of the two preamplifiers and to
the outputs on the generator according to the cable
marking. Connect the unmarked coaxial connector to
the wind-speed output. Connect the tvwist/lock power
connector and a remote-control connector (if used) to

thelr respective receptacles on th- main chassis.
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TURi! OIl POUER...Turn on the equipment for each wind
component with the switch located next to the power
connector. The pilot lamp indicates that power is
being supplied to the unit. Although the unit may
be operated immediately, a 30-min. warmup period
is recommended to bring the equipment to equi-
liorium at the operating temperature.

SET ZERO POINT...Actuate the two toggle switches on

the compensator simultaneously. Adjust the re-

cessed potentiometer, zero adjust, to obtain a
null indication on the phasometer. Actuate the

expand-scale switch on the phasometer to make a
; firal, accurate setting of the zero adjust (bul
keep the other two switches depressed).

CHECK FULL-SCALE CALIBRATION...Actuate the toggle
switches on the compensator one at a time. 1if
the unit is operating properly, the meter on the
phascmeter will indicate on the red lines at full-
scale positive and negative. The wind-speed cut-
put also produces the full-scale output voltages;
hence, if a recorder is connected, full-scale
calibration marks will be obtained.

PLACE PROBE Iii ANECHOIC BOX...To adjust phase lock
it is necessary filrst to place the anemometer
probe 1in the anechoic box. If the anemometer is
already mounted on the tower, open the anechoic

box and swing the boom in until the mounting hub
of the probc setey into the round gasket (Fig. 3).
Then close the anechoic box and fasten the clasps.
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ADJUST PHASE LOCK...A short length of coaxial cable is
supplied with each electronics case. Remove the non-
shorting cap from the unmarked coaxial connector on
the generator, disconnect the cable to the receiving
input of the right hand preamplifier, and connect the
short cable between the two points. Rotate the red
knob step to align the mark on the knob with that on
the chassis; set vernier to the calibration that is
indicated on the inside cover of the aluminum case,
and lock vernier in place. HJow use step and vernier
on the left hand preamplifier to obtain a zero indi-
cation on the meter. (The meter-switch expand scale
can be used to make this setting more precise.)

Check the phase-lock setting by rotating step on the
left hand preamplifier an equal number of steps clock-
wise and counterclockwise of the set point. A proper
adjustment has been achieved when the meter reads in
steps toward full scale and approximately the same
number of steps can be obtained in either direction.
After checking the adjustment, return stepr on the left
hand preamplifier to the point for which the meter
indicates zero. Lock the vernier, remove the short
length of coaxial cable, and reconnect the recelver
cable.

Note the meter indication. If the unit has not
been recently calibrated, the meter will probably no
longer indicate zero. 1If necessary, readjust the red
knob and associated vernier to obtain a zero indication
on the meter. Then rotate red knob step clockwlse and
counterclockwlise to check that a reasonable range of
uniform steps to + full-scale are available. ‘hen
step and vernier are properly adjusted for zero meter
reading, lock vernier. DBoth verniers are now locked

and the neter indicates zero.
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CHECK THE RE.OTE CONTROL...If remote operation of the
full-scale and zero checks 1s desired, the com uter
cable should now be connected to the jack marked
remote. Operating the relays remotely will set the
two lamps to the right of remote in any of the follow-
ing four configurations: (1) If both lamps are 1it,
the computer 1s requesting a zero check. (2) If the
right lamp is 1it but not the left, the computer is
requesting a full-scale positive check. (3) With the
left lamp 1lit but not the right, the computer 1s re-
questing a full-scale negative checkx. (4) With both
lamps out, the unit 1s 1n operate status.

After similarly adjusting the three channels of the sonic
anemometer, open the anecholc box aud swing the boom so that the
probe is facing the prevailing wind. Before further operation,
the probe should be rechecked to ensure that it is level. A
small level placed on top of the junction box may be used for
this purpose, or an electric level can be made with mercury

switches.

If moist weather is expected, the cover may be closed by
loosening the thumbscrew on the support bar. If severe weather
is expected, the locking clasps should be fastened. The ariemom-

eter 1s ready for use.

i'OTE 1: The procedures that we have described
above would set the anemometer zero reference
were there no reflections in the anechoic box.
We have found that the reflections are not
negligible; consequently, an offset may be
present in the data cbtained with the ane-

monmeter.
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HOTE 2: If any phase-sensitive electronic or
acoustic component of the anemometer assembly

should change, the zero set will change. Under
large temperature changes, the phase of the
transducers changes; consequently, frequent
rezeroing of the anemometer by repeating the
entire above procedure may be necessary during
periods when the temverature changes signifi-
cantly over a period of an hour or so.

43




8.0 Acknowledgments

A substantial contribution to the work described in this

report was made by Dr. Francis M. Wiener before his untimely

death. Several persons have contributed in the development

of the anemometer:
and H. E. Tamulonis.

notably, J. Colaruotolo, J. A. ilelaragni,

by

P




9.0

10.

11.

References

R.M. Schotland, "The lleasurement of Wind Velocity by Sonic
Means," J. lleteorol. 12, 386-390 (1955).

V.E. Suomi, "Sonic Anemometer—University of Wisconsin,"
in Exploring the Atmosvheric First ilile—I, H.H. Lettau
and B. Davidson, Eds. (Pergamon Press, Inc., New “ork,
1957), Sec. 5.2.4.

A.S. Gurvich, "Acoustic ilicroanemometer for Investigating
the Microstructure of Turbulence," Akust. Zh., 5, 368-369
(1959) [(English transl.: Soviet Phys.—Acoust.].

J.C. Kaimal and J.A. Businger, "A Continuous Wave Sonic
Anemometer—Thermometer," J. Appl. lieteorol. 2, 156-164
(1963).

Y. liitcuta, "Sonic-Anemometer~Thermometer for General
Use," . Meteorol. Soc. Japan 44, 12-24 (Feb. 1966).

Instruction ilanual, ilodel PAT-311-1, Ultrasonic Anemometer—
Thermometer, Kaljo Denki Co., Ltd. (ilarine Instruments Co.,
Ltd., Tokyo) (unpublished).

D.J. Beaubien, A. Bisberg, and A. Pappas, "Design, Develop-
ment and Testing of an Acoustic Anemometer," Air Force
Cambridge Research Labs. Report AFCRL-66-650 (June 196€).

"Project 'Windy Acres',"” Off. Aerospace Res.: kes. Rev.
5, No. 5, 22-23 (July 1966).

H.L. Fox, "Physics of Long Range Sound Propagation along
the Ground," LR 65-23 in Anaiytical Studies of the Gener-
ator ilechaulsm, Propagation and !leasurement of Rocket
Noise," Bolt Beranek and Newman Inc. Report lio. 1322
(1965).

H.L. Fox, "ileteorological Techniques for Sound Ranging:
Computer Programs for Research," U.S5. Army Electron.
Command, Ft. iionmouth, l.J., 'lech. Rept. EC0ii-00151-5,
(Jan. 1967).

L.L. Beranek, Acoustic 'easurements,(John Yiley & Sons,
Inc., New York, 1959), uith ed.




APPENDIX A
CIRCUIT DIAGRAMS

RO LN S e

1y AV A s R




L ON Nid J
+

iMso

Jle¢ ¥II4ITdNY

[-V°914

PIP1YS 8/0pOUI 6 ON Ul @JON

|

U 001
AE- O 8 ON NI d
9°ON Nid &
% Ol %2 Wi
1ndino
2 ON NiId
-O #'ON Nid
v 022
1t ON Nid
S'ON NiId COCINZ COCING
voot %02
ANdNI
Ol ON Nig
COCINS 80¢€IN2
60¢€INZ |
I W
19t NI , 7
A+ 1 'ON NiId L
) 'ON NI a O - $31 41N 3Q) \.M
100 3018 —
o
!
)
2

O a0

o0 <0

oo
~0 wO

[8°]

<




a/€ec 431411dWY  2-V 914

4 ON NId 0|||_ PidIys 3/Npow & ON Uiy /0N
+
vihdnkl

U 00!

AG- -0 8 ON NI d
9 ON Nid C

N Ot Al v L
indino
2 ON NiId
# O v ON NId
— HOON NI
G'ON Nid €O !N N
» 02l
LNdAaNI
Ot ON NId
COEINZ 6122N¢
VGO62ZN2
,_w
19 NI | ON NId 7\. A
AGe+ PRy
. 1% - SIHUINIQ -
| ON Nid 100 3n18
o O o O O
2 ¥ ¢ 9
o 0O O O O
2t H () 8 pd

ren .,.éit.-l.{;l




1"ON Nid
S341IN3QI
100 3Nn8

iNdLno
Z ON Nid

d3dd 119

€E-V°ol4

//0A [ 10utwou

I\_WQ Y1 woif 1343/ yndut ur 3buoyd qp O -
104 141YS dsoyd wnwiurw 104 VLN
o o o *
i 2 S PI91ys d/npow g oN uly
O O O O UOIIO3UU0I OU Q ON Ul ‘SIION
Ol 6 8 9 6 ON NId
A+
© 1'ON Nid
Aiv x.m.“
% |
vol w
«BOEINZ .
TR $—AAA __ O
R A OI'ON Nid
3710 sy eo
B8OCINZ
% 1
vol M .GOO_M
1 .
o — B0EINZ
> > o,
b \..NW Nib " m.__
—0 A6-

S 'ON NiId

A-4




JILYIANI © ¢-V°9OIl4
DI3IYS @Inpow § ON Ulg 810N
AG-
G'ON NiId
L ON Nid
%22 ”.rm_ N 02

1 (2 ON 1NdNI)

¥ ON NiId

HO1Ims ¢ Ol HOlims ¢ oL _ o (! ON 1ndn1)

._.ﬂaz. 10dNI mdmn_ﬂ‘lNl iy 9 ON Nid

6 'ON Nid 2 ON Nid imio
xJ.(.m 60¢CINZ
[} >
2OCIN2 P e xomw
A6+
1'ON NId ?
| 'ON Nid w
SIHLIN3QI LOO 3N9 i

0 O o o
2 v G
O O 0 0 ©°
o 6 8 L 9

n=5




BLUE DOT
8 9 I IDENTIFIES
o 0 o PIN NO. I
6 | ./
o (o)
5 3 2
o o o
PIN NO.|
+9v
PIN NO.6 PIN NO. I
INPUT  O— O outpuT
2.2K
PINNO.5 PIN NO.9
-9y COMMON

Note: Pin No.3 module shield
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FIG.A-5 BI-POLAR
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APPENDIX B

MODIFICATIONS OF THE SONIC ANEMOMETER

The anemometer described in the body of this report has
been modified. The modifications were introduced to correct
operational shortcominigs of the anemometer, which were uncovered
during field tests conducted as part of Project Windy Acres in
August 1965. The field tests indicated that the zero reference
of the anemometer shifted with diurnal variations of temperature,
We determined that the source of this temperature-dependent
drift was the change inr res.nant frequency of the transcucers.

A change in the resonant frequency of a transducer produces a
change in the phase shift betwzen the electrical and acoustical
signals associated with the transducer. Because the sonic ane-
mometer obtains wird velocity by measuring wind-induced phase
shift, any chang: of relative phase 1is indistinguishable from a
shift in the wind velocity.

To reduce the tempe=iture sensitivity of the transducer, we
redesigned the units with the following objectives: (1) to re-
duce directly the temperature sensitivity of the frequency-
determining element and (2) to make the transducer %tunable so
that the drift in phase characteristics of each set of trans-
ducers would be compensatory.

Another result of the field tests was the recognition that
the range of mean winds and fluctuations was such that the
horizontal-component of the anemometer was not often driven to
full scale. Hence, the modification program included an in-
crease in the pathlength of the horizontal axes of the anemom-
eter to reduce the full-scale range of the horizontal axes.

B-1




The transducers were replaced by units of a new design.
The dlameter of the transducers was reduced from 5/3 in. to
approximately 1/2 in. The sensitive element 1s, as before,
a plezoceramic disk cemented to a clrcular plate. A long
cylindrical shell and end plate are machined as one plece.
The cylinder slides over an expandable arbor. The transducer
is tuned, over a limited range, by changing the effective length
of the cylindrical shell (i.e., by adjusting the depth of pene-
tration of the solid arbor). A special nickel steel alloy was v
chosen as the transducer material to compensate the temperature '
characteristics of the plezoceramic disk. The increase in the ;

length of the transducer required use of a Teflon mounting '
(and neoprene in some cases).

Figure B-1 1s a puotograph of the modified sonlc-enemoneter ‘
probe. Note, by comparing Fig. B-1 with Fig. #4(a), the new trans-
ducers, their mounting, and the increased horizontal pathlengths.
Unnecessary structural material has been removed from around the !
transducers—hence, the modified probe has a more-open aspect—
this tends to reduce the turbulence created by the proke in the
region through which the acoustic signals prrovagatz.

The change in the pathlength changes the nceminal range of
wind speeds for each axis. Figure B-2 shows 2 mcdified version
of the block diagram shown in Fig. 11. DNote that the horizontal
ares are changed to 15 cm and that the nominal ranges are now
+10 m/sec.

The meter scales on the phasometer are changed c¢o conform to
the new range. A toggle switch was installed to replace the sh~rt
cable that had been used in the initizl aligning procedure of the
anemometer (see Sec. 7.0 - Adjust Phase Lock).
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